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A B S T R A C T
Thermal flight performance curves (TFPCs) may be a useful proxy for determining dispersal on daily timescales
in winged insect species. Few studies have assessed TFPCs across a range of species under standard conditions
despite that they may be useful in predicting variation in performance, abundance or geographic range shifts
with forecast climate variability. Indeed, the factors determining realized dispersal within and among flying
insect species are generally poorly understood. To better understand how flight performance may be correlated
with geographic range extent and potential latitudinal climate variability, we estimated the thermal perfor-
mance curves of flight ability in 11 Drosophilidae species (in 4 °C increments across 16–28 °C) after standard
laboratory rearing for two generations. We tested if key morphological, evolutionary or ecological factors (e.g.
species identity, sex, body mass, wing loading, geographic range size) predicted traits of TFPCs (including op-
timum temperature, maximum performance, thermal breadth of performance) or flight ability (success/failure to
fly). Although several parameters of TFPCs varied among species these were typically not statistically significant
probably owing to the relatively small pool of species assessed and the limited trait variation detected. The best
explanatory model of these flight responses across species included significant positive effects of test temperature
and wing area. However, the rank of geographic distribution breadth and phylogeny failed to explain significant
variation in most of the traits, except for thermal performance breadth, of thermal flight performance curves
among these 11 species. Future studies that employ a wider range of Drosophilidae species, especially if coupled
with fine-scale estimates of species' environmental niches, would be useful.
1. Introduction
Ambient temperature affects many traits in ectotherms including
metabolism, development and locomotor performance (Gillooly et al.,
2001; Ashton, 2004; Dillon and Frazier, 2006; Angilletta, 2009;
Clusella-Trullas et al., 2010). Thermal performance curves (TPCs) have
been argued to be useful in forecasting wholesale species range shifts
(Buckley et al., 2012, 2015; Buckley and Huey, 2016; reviewed in
Sinclair et al., 2016; Woods et al., 2018) in response to predicted cli-
mate change. These TPCs can also be particularly powerful in at-
tempting to forecast more subtle or instant effects on performance (e.g.
foraging or growth rates) with changing environmental conditions (e.g.
Angert et al., 2011; Dell et al., 2011; Huey and Kingsolver, 2011; Barton
and Terblanche, 2014; Sinclair et al., 2016; but see also discussion in
Woods et al., 2018).
The influence of ambient temperature on flight responses or relative
flight ability has been researched extensively across diverse insect taxa
and these show typical TPCs in which there are optimal performance
temperatures, and above or below these (i.e. supra- or sub-optimal),
organisms experience fairly predictable declines in performance and
hence fitness (Dillon and Frazier, 2006; Karlsson and Johansson, 2008;
Zhang et al., 2008; Samejima and Tsubaki, 2010; Esterhuizen et al.,
2014; Mason, 2017). However, prior thermal history may alter the
nature of this flight response in complex ways (c.f. Drosophila melano-
gaster in Dillon and Frazier, 2006; and Ceratitis capitata in Esterhuizen
et al., 2014). As such, studies across species need to control for, or in-
clude as a covariate, thermal history in comparative studies. Therefore,
thermal flight performance curves (TFPCs) may be a useful proxy for
forecasting local and regional changes in abundance and dynamics of
pterygote (i.e. winged) insect species, such as those within the Diptera
(e.g. Drosophilidae). To our knowledge, surprisingly few studies have
assessed TFPCs across a range of species under standard laboratory
conditions despite that these may be useful in predicting performance
or range shifts with forecast climate patterns and which are increasingly
used to this effect (e.g. Overgaard et al., 2014; Bush et al., 2016;
Kellermann et al., 2018, 2019; MacLean et al., 2019; reviewed in
https://doi.org/10.1016/j.cbpa.2019.110532
Received 8 April 2019; Received in revised form 1 July 2019; Accepted 18 July 2019
⁎ Corresponding author.
E-mail addresses: minettek@sun.ac.za (M. Karsten), jst@sun.ac.za (J.S. Terblanche).
Comparative Biochemistry and Physiology, Part A 236 (2019) 110532
Available online 24 July 2019
1095-6433/ © 2019 Elsevier Inc. All rights reserved.
T
Hoffmann, 2010).
We therefore aimed to better understand how insect flight perfor-
mance may be influenced by ambient temperature, and in turn, corre-
lated with geographic range extent (i.e., distribution). Thus, we esti-
mated the TFPCs of flight ability in 11 Drosophilidae species after they
had completed two generations under controlled, standardized la-
boratory conditions. We then tested if any major morphological or
ecological factors (e.g. sex, body size, wing loading, geographic range
size) could explain variation in flight responses. Moreover, we were
interested in whether the distribution range (see Methods) could be
predicted by the main parameters (e.g. optimum temperature, max-
imum performance, breadth of performance) of species-level TFPCs or
any of the morphological factors measured here. Based on flight bio-
mechanics (Dudley, 2002) we broadly expected that flies with larger
wings or lower wing loading would be better fliers, though quite how
such morphological variation would interact with ambient temperature
is not especially well understood. We also expected that Drosophila
species would generally differ in some aspects of their thermal flight
response and morphology but this might be a consequence of shared
evolutionary history (phylogenetic association) or varied selection
pressures on diverse traits (e.g. Hoffmann et al., 2007). Specifically, we
expected species that occupy broader environmental thermal niches
(greater geographic range size) to have broader thermal performance
curves of flight or perhaps show trait variation indicative of generalist-
specialist trade-offs (Angilletta Jr, 2009).
2. Methods
Drosophilidae species were sampled from six locations in the
Western Cape and Kwa-Zulu Natal Provinces of South Africa using
bucket traps placed in shaded habitats, baited with ripe fruit (mango,
grapes, lemon, oranges, figs, berries and bananas) or mushrooms in
different combinations. Flies were collected by aspiration and trans-
ferred into plastic bottles filled with Bloomington's standard cornmeal
diet medium (http://flystocks.bio.indiana.edu/Fly_Work/media-
recipes/bloomfood.htm) to start isofemale lines from a minimum of
4–7 field-inseminated females per species. Species were identified using
the Universal cytochrome oxidase I (COI) primers (LCO1490 and
HCO2198; Folmer et al., 1994) by Inqaba Biotech™ and the South
African Sugarcane Research Institute's (SASRI) biotechnology depart-
ment. Five species identifications were confirmed in NCBI using BLAST
(Altschul et al., 1997; de Araujo et al., 2019) and a further two species
were also confirmed by a drosophilid taxonomist (Shane McEvey,
Australian Museum Research Institute).
To eliminate field effects, flies captured in the respective provinces
were reared at either 23 °C (Western Cape) or c. 25 °C (Kwa-Zulu Natal)
under standard conditions for three generations. Once flies started
emerging they were transferred to a new bottle with fresh diet medium
at a standardized low density and replicated until F3, except for D.
melanogaster where rearing was discontinued after two generations due
to time constraints. Variation linked to aging and reproductive senes-
cence is well known to occur in Drosophilidae (Le Bourg, 2011; Colinet
et al., 2015; Hoffmann and Ross, 2018) thus to minimise these effects,
all experiments were conducted using six-day old flies.
Sixty six-day old male and female drosophilids from the 3rd gen-
eration (except in the case of D. melanogaster) were used to test the
thermal flight response in 11 Drosophilidae species. We determined
performance at four different controlled temperatures (16 °C, 20 °C,
24 °C and 28 °C) using a peltier plate cooler (CP-121, TE Technology,
USA) covered with a gauze swab (to prevent direct contact with the
steel surface) and a temperature controller (TC-720, TE Technology,
USA). In each flight temperature assay, a single 20ml plastic container
was placed upside down on the gauze with a thermocouple (36 stan-
dard wire gauge, Type T, Omega, USA) connected to a hand-held
thermometer (Fluke 52 II, Netherlands) inserted through a small hole in
the side of the container. Flies were tested individually inside the 20ml
container until n=15 males and n=15 females had been observed.
For consistency, each fly was allowed 2min to equilibrate before
measurement started and prodded a maximum of five times using a thin
wire, which resulted in either sustained flight or no flight and were
recorded as 1 and 0 respectively. ‘Flight’ (1) was defined as flight across
the container with noticeable wing movement at least multiple times;
‘no flight’ (0) was recorded when the fly only jumped, walked or be-
came immobile. Flies were prodded to measure physical ability to fly,
rather than behavioural propensity to do so, as in previous work from
other Diptera (Esterhuizen et al., 2014). Each fly was weighed (mg)
using a Mettler UMX2 microbalance scale (CH-8606 Greifensee, Met-
tler-Toledo GmbH, Laboratory & Weighing Technologies, Switzerland)
and their wing surface area (mm2) determined. This was done by taking
photographs using a Leica MZ16A auto montage microscope attached
to a Leica DFC 290 fixed digital camera (Leica, Wetzlar, Germany); the
wing perimeter manually outlined in ImageJ (https://imagej.nih.gov/
ij/) which then calculated the area according to the scale unit of
measurements provided to the software. We used the right wing for
measurements in all instances except where the wing was damaged or
had imperfections in which case the left wing was used. Measurements
of wing area or wing loading have previously been shown to influence
flight performance in a diverse range of insect species (Harrison and
Roberts, 2000; Berwaerts et al., 2002; reviewed in Dudley, 2002;
Harrison et al., 2012).
Sub-Saharan Drosophila species occupancy or distribution records,
and thus, potential thermal microenvironment use, are poorly char-
acterized and in many cases outdated or unknown (see e.g. De Araujo
et al., 2019). Therefore, to assign a relative geographic distribution to
each species, and because we could not sample species from sufficiently
diverse environments within South Africa to characterize their relative
distributions and thermal niches using climate databases (e.g.
Overgaard et al., 2014; Bush et al., 2016), we estimated relative geo-
graphic range size using published literature and TaxoDros (www.
taxodros.uzh.ch/search/dist_reg.php), South African museum records,
and in consultation with Drosophila taxonomists. Rank of distribution
was assigned as follows: first, we assessed if a species was found on
multiple continents, and if it was known to be found in multiple diverse
habitats. Second, if found on multiple continents, we scored relative
rank based on similarity of habitats occupied across continents. Species
distributed across different habitat types were classified as more
widely-distributed and assigned a higher value and the assigned
ranking value decreased as species ranges became more restricted or
specialised (for example, those only found along the equatorial belt,
tropical rainforests or restricted to a few locations on a single con-
tinent). A second author (JST) independently followed the same pro-
cedure and produced the same ranking of species distributions sug-
gesting this method is reproducible and not especially subjective on the
set of species we collected. The highest rank number (11) represents the
most widely distributed and the lowest number (1) a narrow distribu-
tion or more habitat specialised distribution. We refer to this ranking as
‘rank of geographic distribution’ to serve as a proxy of thermal range
likely experienced by the species across its distribution (and see dis-
cussions in Overgaard et al., 2014; Bush et al., 2016; review in
Hoffmann, 2010).
We tested the effect of species, sex and test temperature on the flight
responses of 11 Drosophilidae species using a GLZ with binomial dis-
tribution and logit link function (Statistica v13). The influence of in-
dividual size-related traits (body mass, wing area and wing loading) on
the flight responses of species were further investigated at the different
temperatures assayed using a binomial GLZ (Statistica v13). The
minimum adequate model was determined by implementing the fully
saturated model using the ‘dredge’ function in the ‘MuMin’ package
(Bartón, 2016) in R (R Core Team, 2013) to determine what subsets or
best combinations of factors most strongly influenced the estimated
flight response. We ran a GLM with a binomial distribution and a logit
link function, including thermal flight response as the dependent
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variable, as well as morphology (body mass, wing area and wing
loading), sex, species and test temperature and their interactions as
factors. Three separate sets of these models were run, once each for
each of the different morphological predictors (body mass, wing area
and wing loading respectively), and Akaike information criteria (AICc)
used to rank models and their respective fits.
Next, TableCurve2D (http://www.sigmaplot.co.uk/products/
tablecurve2d/tablecurve2d.php) was used to fit a non-linear curve
(best-fit line, scored by highest degrees-of-freedom adjusted r2 and
lowest number of model parameters) to our thermal flight performance
data for each species separately. From the best-fit line (using tool ‘peak:
all equations’ in TableCurve2D) the percentage maximum flight per-
formance (Umax) (i.e. the proportion of population capable of flying),
the optimum temperature (Topt, in °C) and the performance breadth
(Tbr) were extracted for each species. To determine whether Tbr, Topt,
Umax, mean body mass, wing area or wing loading could explain the
rank of geographic distribution of species, we ran phylogenetic gen-
eralized least-squares regression (pGLS) analyses, fitted using maximum
likelihood (λ=ML) (‘pgls’ function; Freckleton et al., 2002) in ‘caper’
(R Core Team, 2013) and assessed if there was significant phylogenetic
signal in our data. In addition, each model was run with the assumption
of λ=1 and λ=0 to account for different phylogenetic relatedness. To
this end, DNA sequences obtained from sequencing COI to confirm
identification (described earlier) were edited using the BioEdit Se-
quence Alignment editor 7.0.5 (Hall, 2005) and aligned in MAFFT
(Katoh et al., 2017). Sequences for two additional genes, COII and
Amyrel, were downloaded from GenBank, aligned individually and
then concatenated using MEGA X (Kumar et al., 2018). A Bayesian
phylogeny was constructed in MRBAYES v3.2 (Ronquist et al., 2012)
including 5,000,000 generations and five parallel Monte Carlo Markov
chains sampled every 100th generation. We used Pagel's λ (Pagel,
1999) as a quantitative measure for estimating phylogenetic signal.
Pagel's λ scales between zero and one, with values closer to zero
showing no phylogenetic signal and values closer to 1 showing strong
phylogenetic signal for the traits examined. Moreover, this allowed
comparison of phylogenetic-adjusted and unadjusted (equal relatedness
species, or ‘star-shaped’ phylogeny, where λ is fixed= 0.000001)
analyses to report the best-fitting model results. We used the ‘contmap’
function (‘phytools’ package; http://www.phytools.org/) in R to vi-
sualise and graphically illustrate traits on the phylogeny generated.
3. Results
Thermal flight performance was not influenced by sex (df= 1,
Χ2= 0.009, p > .05) or species (df= 10, Χ2= 7.985, p > .05) but
was influenced by experimental test temperature across all species
(df= 1, Χ2= 10.723, p < .001). However, this general temperature
effect on flight across species was largely driven by strong effects of test
temperature in D. hydei (Χ2= 10.032, p < .05), and D. funebris
(Χ2= 14.050, p < .05) but not in the other species when examined in
isolation. Although the thermal flight response did not differ between
sexes across all species, two species showed significant sex effects at
specific temperatures (20 °C and 28 °C) whereby males and females of
D. immigrans (Χ2= 0.6327, p > .05) and Z. taronus (Χ2= 0.00001,
p > .05) responded differently (Fig. 1). The females of Z. taronus per-
formed significantly better at 20 °C and 28 °C compared to their male
counterparts, while D. immigrans females performed worse than D. im-
migrans males at these same temperatures.
To assess collinearity among variables, we assessed body mass, wing
area and the interaction between them using all individuals from all
species (r=0.7699, p < .05). All species showed a significant positive
correlation between body mass and wing area when examined in-
dividually (D. hydei: r=0.7444; D. funebris: r=0.7552; D. busckii:
r=0.7335; Z. taronus: r=0.7037; Z. vittiger: r=0.5442; D. immigrans:
r=0.7127; D. simulans: r=0.7535; Z. indianus: r=0.4611; Z. tu-
berculatus: r=0.5407; D. melanogaster: r=0.6021; D. ananassae:
r=0.6782) indicating that as body mass increases so does wing area.
Strong positive correlations were found between Umax and Tbr
(r=0.7364, p < .05), body mass and wing area (r=0.9273,
p < .05); and body mass and wing loading (r=0.7636, p < .05)
(Table 1). While these results indicate correlations between triats, any
direction of causality, if at all, remains unclear.
Flight responses (success or failure to fly) were not influenced by the
morphology of flies as measured by body mass, wing area and wing
loading in all species (Table S1, Figs. S1–S3). There were no obvious or
marked systematic morphological differences between flies tested and
categorized into those that successfully flew (‘fliers’) and those that
failed to fly (‘failure’), when compared at each test temperature, either
within or across species. Intraspecifically, D. immigrans and Z. taronus
have large body mass variability among individuals while D. busckii and
Z. indianus have small variability in body mass. While there are no
obvious species trends for variability in wing area and wing loading, D.
busckii shows the lowest variability in wing area and Z. indianus has the
least variability in wing loading among individuals. However, when
running all possible iterations of potential explanatory factors influen-
cing thermal flight performance, including sex, species, temperature,
wing area, body mass, wing loading and their interactions, the best fit
model was one that included temperature and wing area but not any
other predictors or interactions among them (Table 2). In other words,
the Drosophila examined here generally flew more readily at warmer
temperatures and if they had greater wing area.
The parameters of the TFPC extracted using TableCurve2D were
further used to explore whether these potentially explain the geo-
graphic distributions of Drosophilidae based on their ranked category of
distribution. We explored 32 different pGLS models (Table 3, Table S2)
and, based on AICc scores and Akaike weights, single predictor models
were always considered the best models of those tested. The first (best)
nine models could not be significantly differentiated on the basis of
model probability as AICc scores varied little among these, however the
model considering the influence of Tbr on rank had the lowest AICc
score. This was also the case when we followed a minimal adequate
model approach. For the three best models (Tbr, Umax, Wing area)
phylogenetic signal was only marginally significant for Tbr. Overall, it
seems that none of the TFPC parameters could predict geographic dis-
tribution rank.
The traits of interest (Topt, Tbr, Umax, body mass, wing area and
wing loading) were overlaid with phylogeny for a graphical re-
presentation of the interspecific variation (Fig. 2, Fig. S4). Drosophila
busckii and D. funebris have the lowest Topt (Fig. 2a), which means they
perform best at lower temperatures, yet they have the greatest Tbr
(Fig. 2b). Umax variation does not appear to be clade-specific with D.
funebris showing the highest Umax (Fig. 2c). Body mass (Fig. S4) and
wing loading (Fig. S4) were the highest for Z. taronus, Z. vittiger and D.
immigrans while wing area was greatest for the Zaprionus clade
(Fig. 2d).
4. Discussion
Here we determined the thermal flight ability of 11 species in the
Drosophilidae family across 16–28 °C, and measured potentially corre-
lated morphological traits commonly associated with flight ability. We
were primarily interested in 1) if there were systematic differences in
thermal flight responses among species; 2) if any morphological traits
(body mass, wing area, wing loading) may have explained variation in
flight ability and 3) if any of the variation in TFPCs may have been
explained by differences in species' geographic distributions or shared
evolutionary history. Although aspects of TFPCs differed among spe-
cies, such as intraspecific variation in the flight response, these differ-
ences were not always statistically significant and seldom varied sys-
tematically. Thus, among the 11 Drosophilidae species examined here,
several of the findings are perhaps more novel and significant for
comparative physiology.
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First, the novel thermal flight performance curves generated for
each species provide unique data that, according to our knowledge, are
not readily available in the literature. Thermal locomotor responses
have been determined in a few selected Drosophila species across di-
verse methodological approaches (Gilchrist et al., 1997; Gibert et al.,
2001; Dillon and Frazier, 2006; Latimer et al., 2011) but the thermal
flight response of most of the Drosophila species used in our study has
not previously been determined. The trend found among our species
was that flight was less common at cooler temperatures (and vice versa)
and perhaps is largely expected given the foregoing literature (e.g.
Dillon and Frazier, 2006 for D. melanogaster). Of the temperatures
tested here, most species reached their thermal optimal performance at
c. 24 °C, which resulted in fewer responses at 28 °C; this trend is most
visible in both sexes of D. busckii, D. immigrans, D. melanogaster, females
of D. hydei, D. ananassae and Z. tuberculatus, and D. funebris males. The
optimal temperature for some species (Z. taronus, D. simulans females,
D. hydei males, Z. tuberculatus males and Z. indianus males) appeared to
have not yet been reached at 28 °C and the TFPC therefore did not taper
off or show obvious declines in the proportion of flying individuals.
The different parameters (Topt, Tbr, Umax) of the thermal flight
performance curve were extracted and considered at the species level,
and given our study's experimental design and methodological ap-
proach, could not be determined at the individual level within each
species. In contrast with results of Sørensen et al. (2018), we found no
significant positive correlation between Umax and Topt, but we did find
this in the case of Tbr and Umax. The Umax, Tbr and Topt was not
significantly different between species and those with the lowest (spe-
cialised) ranking had the highest Topt, which corresponds with their
known climatic Afrotropical distributions (Z. taronus, Z. vittiger and Z.
tuberculatus) (Bächli, 2018). However, this is likely to be driven by the
lower statistical power in our study compared to that of Sørensen et al.
(2018) who used a much greater compilation of species. These findings
may provide evidence of interspecific generalist-specialist trade-offs
(Angilletta Jr, 2009) of thermal flight performance curves that warrants
further investigation. Second, morphological traits are frequently cor-
related with locomotor ability (De Bie et al., 2012; Reim et al., 2018),
and the same is true for flight ability in insects (e.g. Berwaerts et al.,
2002; Dudley, 2002; Van Dyck and Wiklund, 2002; Esterhuizen et al.,
2014; Steyn et al., 2016). We therefore considered body mass, wing
area and wing loading in detail here. These traits were however not
Fig. 1. Summary results from the GLZ model (binomial data, logit link function) (showing model weighted mean± 95% CI) of flight responses estimated at four test
temperatures in males and females of each Drosophilidae species. The asterisk indicates a significant difference in response between the sexes.
Table 1
Results of a Spearman rank correlation test of species' geographic distribution ranking (where higher rank equals broader geographic distribution), thermal per-
formance breadth (Tbr), optimal performance temperature (Topt, in °C), the flight response scored as flight performance at Topt, (Umax), mean body mass in mg
(Mb), wing area (mm2) and wing loading (mg/mm2). Significance at 5% confidence interval (p > .05) is indicated by bold font.
Variable Rank Tbr Topt (°C) Umax Mb (mg) Wing area (mm2) Wing loading (mg/mm2)
Rank 1.000 0.073 −0.092 0.146 −0.255 −0.264 0.027
Tbr 1.000 −0.422 0.736 0.418 0.582 0.182
Topt (°C) 1.000 −0.193 −0.128 −0.275 −0.294
Umax 1.000 0.136 0.300 0.073
Mb (mg) 1.000 0.927 0.764
Wing area (mm2) 1.000 0.564
Wing loading (mg/mm2) 1.000
Table 2
Summary of the coefficients and results for the overall best-fit model for
Drosophilidae flight response obtained from the ‘dredge’ function in the
‘MuMin’ package in R. All effects presented below are significant.
Estimate Std. error z value p
Intercept −4.0644 0.3355 −12.113 <0.001
Temperature 0.1070 0.0116 9.226 <0.001
Wing area 0.2151 0.0731 2.941 <0.01
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found to be strongly associated with thermal flight responses, a finding
that is in keeping with some earlier studies. For example, Dillon and
Frazier (2006) found that body mass was not significantly associated
with flight ability in D. melanogaster while Reim et al. (2018) found
wing loading, among other traits, to have a significant influence on
flight ability in a butterfly species (Lycaena tityrus). Mass and wing area
are positively correlated, a result which was largely expected, however,
that the best model among several tested was one that used temperature
Table 3
The top nine models (of 32 compared in total) considered in the phylogenetic generalized least square regression (pGLS) analyses to predict species geographic




Intercept Tbr Umax Wing area Topt Mb Wing
loading






Tbr λ=ML 0.943 1.103 56.651 0.100
Tbr λ=1 0.943 1.103 56.651 0.100
Tbr λ=0.000001 3.999 0.392 61.633 0.008
Umax λ=ML 4.227 3.672 58.095 0.049
Umax λ=1 4.227 3.672 58.095 0.049
Umax λ=0.000001 1.521 7.807 61.081 0.011
Wing_area λ=ML 4.477 0.747 58.248 0.045
Wing_area λ=1 4.477 0.747 58.248 0.045
Wing_area λ=0.000001 8.126 −0.988 61.483 0.009
Topt λ=ML 9.683 −0.134 58.251 0.045
Topt λ=1 9.683 −0.134 58.251 0.045
Topt λ=0.000001 17.982 −0.479 60.770 0.013
Mb λ=ML 6.292 0.029 58.480 0.040
Mb λ=1 6.292 0.029 58.480 0.040
Mb λ=0.000001 5.789 0.002 61.800 0.008
Wing_loading λ=ML 6.975 −0.754 58.406 0.042
Wing_loading λ=1 6.975 −0.754 58.406 0.042
Wing_loading λ=0.000001 4.893 1.155 61.710 0.008
log(Mb) λ=ML 6.493 −0.209 58.465 0.040
log(Mb) λ=1 6.493 −0.209 58.465 0.040
log(Mb) λ=0.000001 5.970 −0.337 61.766 0.008
log(Wing_area) λ=ML 5.393 1.068 58.368 0.042
log(Wing_area) λ=1 5.393 1.068 58.368 0.042
log(Wing_area) λ=0.000001 7.798 −2.420 61.318 0.010
log(Wing_loading) λ=ML 6.190 −0.697 58.354 0.043
log(Wing_loading) λ=1 6.190 −0.697 58.354 0.043
log(Wing_loading) λ=0.000001 6.031 0.798 61.723 0.008
Fig. 2. Phylogenetic tree of 11 Drosophilidae species included in our study overlaid with their a) optimal thermal temperature of flight performance (Topt), b)
thermal performance breadth of flight (Tbr), c) Umax of flight and d) wing area (WA). The bars at the nodes represent the standard error at the nodes while colours
towards the red end of the scale indicate higher trait values compared to the blue end of the scale. Illustrations were made in R (‘contmap’ function in ‘phytools’
package).
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and wing area as predictors, is perhaps a more unusual finding as wing
area is not typically considered to be a primary determinant of flight
ability.
Finally, the rank of geographic range extent (or breadth of geo-
graphic distribution) as a proxy of thermal variability for the species,
was poorly predicted by a range of TFPC parameters we extracted. This
result is perhaps unexpected given recent studies using thermal per-
formance curves based on other diverse traits (see e.g. Overgaard et al.,
2014; Bush et al., 2016). Moreover, phylogenetic history failed to
contribute meaningful variation to explain such flight responses across
the thermal range employed here in all traits except in Tbr. However,
this could be explained by two main limitations of our study: 1) that the
species we have compiled are perhaps all closely-related relative to the
diversity of the Drosophilidae and 2) we failed to rear truly specialised
species in this study and together these may have biased our results
towards finding a weak phylogenetic signal. Some studies suggest Type
I errors can be common while Type II errors are less likely in phylo-
genetic independent contrasts (Mazel et al., 2016). Recent studies of
other traits (e.g. MacLean et al., 2019; Kellermann et al., 2019) have
also suggested thermal optima of performance curves are quite con-
served and similar across species of Drosophila so this result is perhaps
not surprising. However, given that diverse traits often yield con-
trasting results in interspecific comparisons further work is needed to
probe the source of this lack of variation. Limited existing information
on these traits across the Drosophilidae phylogeny precludes more de-
tailed comparison with other studies. Indeed, there is remarkably little
known about the impacts of various physiological factors that con-
tribute to current geographic distributions or future range expansions
or invasions (Hoffmann, 2010) although studies continue to address
these issues in increasing detail (e.g. Overgaard et al., 2014; Bush et al.,
2016).
This study provides important baseline information on species
thermal flight performance and attempts to close the gap between flight
performance and dispersal ability under field conditions in the
Drosophilidae. According to the TFPCs we estimated here, all species fly
well in warmer, albeit not injurious, conditions. Given concerns sur-
rounding the increasing frequency of heat waves and mean tempera-
tures with climate change, this work could be expanded to explore these
factors and their impacts on flight ability or explore the geographic
consequences of subtle shifts in the shapes of TFPCs (e.g. Woods et al.,
2018). Dillon et al. (2009) emphasised that developmental temperature
can influence the thermal preference of some species (D. melanogaster)
yet have no effect on other species (e.g. D. simulans). The preferred
temperature of Drosophilidae can also vary across stages of the life-
cycle or with adult age (Yamamoto and Ohba, 1982, 1984; Sayeed and
Benzer, 1996). Thus, future work could expand the traits across a
broader age range and consider responses to thermal rearing conditions
to document phenotypic plasticity of these TFPCs.
To conclude, we found little systematic variation in thermal flight
performance curves across the 11 species tested within the
Drosophilidae family and none of the flight parameters we considered
could predict rank of geographic distribution with great confidence,
except perhaps to a limited extent for Tbr. In our study, the best pre-
dictors of flight ability among species were ambient temperature and
wing area. Future work investigating the thermal flight performance
across a greater diversity of Drosophilidae and under a wider range of
conditions, coupled with estimates of microclimate conditions experi-
enced by diverse species, would be valuable.
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